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RENAL EXCRETION, ACCOMPLISHED in part by active proximal tubular secretion, represents a major pathway for elimination from the body of exogenous and endogenous organic compounds that carry a net negative charge at physiological pH (organic anions; OAs) (13) . Importantly, numerous clinically important therapeutic drugs, including antiviral agents, antibiotics, chemotherapeutics, nonsteroidal anti-inflammatory drugs, and heavy metal chelators are OAs (14) . The rate at which these drugs undergo tubular secretion can dictate both their efficacy and potential for toxicity. The organic anion transporters 1 (OAT1) and 3 (OAT3) represent the initial and rate-limiting step (uptake across the basolateral membrane) in the renal tubular secretion of the majority of these clinically important OAs (21) .
The OATs are members of the OCT family of transport proteins (SLC22A), which in addition to OATs includes the organic cation transporters (OCTs). In general, SLC22A family members display broad structural selectivity, making them potential sites of harmful drug-drug interactions (14) . Additionally, genetic polymorphisms in SLC22A family members have been linked to altered drug pharmacokinetics and pharmacodynamics in humans (17, 22) . Thus an understanding of the structural basis of the binding of anionic and cationic drugs with SLC22A transporters moves closer to anticipating the interaction of substrates with these proteins and may help predict drug-drug interactions and the potential impact of genetic diversity on their renal elimination. Toward this end, the generation of homology models of several SLC22A family members, including rat OCT1 (12) , rabbit OCT2 (24) , and human OAT1 (11) should prove useful in predicting the functional consequences of their unique structural attributes.
The present study addresses several important questions regarding structure-activity relationships in OAT1 vs. OAT3. First, does the selectivity of OAT1 and OAT3 for structural congeners of the clinically important heavy metal chelator 2,3-dimercapto-1-propanesulfonic acid (DMPS) differ? Acknowledging that rodents and rabbits are preclinical species used to study the pharmacodynamic/pharmacokinetic properties of new chemical entities, are there species differences in the selectivity of OAT1 and OAT3 for DMPS and its congeners? Finally, thiol-reactive probes were used to examine structural differences in the putative substrate binding regions of OAT1 and OAT3, while providing an initial assessment of the validity of a homology model of hOAT1 structure.
MATERIALS AND METHODS
Reagents. Platinum High-Fidelity DNA polymerase, zeocin, hygromycin, Flp recombinase expression plasmid (pOG44), Chinese hamster ovary (CHO) cells containing a single integrated Flp recombination target (FRT) site (CHO Flp-In), and the mammalian expression vector pcDNA5/FRT/V5-His TOPO were obtained from Invitrogen (Carlsbad, CA). Ham's F12-Kaign's modification medium, PAH, estrone-3-sulfate (ES), glutarate (GA), DMPS, 3-mercapto-1-propansulfonic acid (MPS), 1-propanesulfonic acid (PSA), 1-butanesulfonic acid (BSA), and HgCl 2 were obtained from Sigma (St. Louis, MO). Cloning and site-directed mutagenesis. The open reading frames of human (h), mouse (m), and rabbit (r) orthologs of OAT1 and OAT3 (contained in pcDNA3.1) were amplified using Platinum High Fidelity DNA polymerase and sequence-specific primers. To facilitate Western blotting for biotinylation studies, the sequence-specific primers for OAT1 and OAT3 were designed to remove the native stop codon and include the V5 epitope tag at the C-terminal end of the transport protein. PCR conditions consisted of 35 cycles of 94°C for 1 min, 54°C for 1 min, and 72°C for 3.5 min. A final elongation step of 7 min was included after the last cycle. The PCR products were gel purified and cloned into the pcDNA5/FRT/V5-His TOPO mammalian expression vector. Mutation of cysteine residues in hOAT1 was done by site-directed mutagenesis using the QuickChange system (Stratagene, La Jolla, CA). Plasmid DNA was prepared using standard methods (Genesee Scientific, San Diego, CA), and sequences were confirmed with an Applied Biosystems 3730xl DNA analyzer at the University of Arizona sequencing facility.
Cell culture and stable expression of OAT1 and OAT3. CHO cells containing the Flp recombination target site were grown in Ham's F12-Kaighn's modification medium supplemented with 10% fetal calf serum and 100 g/ml zeocin. Cultures were split every 3 days. Cells (5 ϫ 10 6 ) were transfected by electroporation (BTX ECM 630, San Diego; 260 V and time constant of ϳ25 ms) with 10 g of salmon sperm, 18 g of pOG44, and 2 g of pcDNA5/FRT/V5-His TOPO containing either an OAT1 or OAT3 construct. Cells were seeded in a T-75 flask following transfection and maintained under selection pressure with hygromycin (100 g/ml). Individual clones containing the desired construct were identified from their ability to accumulate the fluorescent organic anion 6-carboxyfluorescein, and were subsequently isolated by dilution cloning. Clones that continued to accumulate 6- Values are means Ϯ SE expressed in M. The number of separate experiments is indicated in parentheses. ES, estrone-3-sulfate; ND, not determined; DMPS, 2,3-dimercapto-1-propanesulfonic acid; MPS, 3-mercapto-1-propanesulfonic acid; PSA, 1-propanesulfonic acid; BSA, 1-butanesulfonic acid. Table 1. minute uptakes of [
14 C]GA were used in the GA transport measurements. After the transport period, the transport solution was aspirated and the wells were rinsed three times with 1 ml of ice-cold WB. The cells were solubilized in 0.4 ml of 0.5 N NaOH with 1% SDS (vol/vol), and the resulting lysate was neutralized with 0.2 ml of 1 N HCl. Accumulated radioactivity was determined by liquid scintillation spectrometry (Beckman model LS3801). Individual transport observations were performed in triplicate for each experiment, and observations were usually confirmed, at least three times, in separate experiments using cells of a different passage. Kinetic parameters, Michaelis constant (K t) and maximal rate of transport (Jmax), were determined as described previously (8) .
Inhibition After the transport period, the samples were handled identically as outlined above. The concentration of DMPS or congener to produce IC 50 values of transport activity was determined as described previously (7, 9) .
Inhibition of hOAT1-and hOAT3-mediated transport by HgCl 2 and MTS reagents. CHO cells expressing hOAT1 or hOAT3 were prepared for transport experiments as described above. [ 3 H]PAH and [ 3 H]ES, at concentrations approximating those noted above, were included in the transport buffers and served as substrates of hOAT1 and hOAT3, respectively. In the HgCl 2 experiments, transport was conducted in the presence of increasing concentrations of HgCl2 in the transport buffer. In the MTS reagent experiments, cells were exposed to the MTS reagents (final concentration of 1 mM) for 2 min and then rinsed twice with WB before transport measurement. Transport experiments were conducted at initial rates (see above) with
After the transport period, the samples were handled identically as outlined above. The IC50 values for HgCl2 inhibition of hOAT1-and hOAT3-mediated transport were determined as described previously (7) .
Cell surface biotinylation and Western blotting. The membraneimpermeant biotinylating reagent NHS-B was used to assess total plasma membrane expression of hOAT1 and hOAT3, whereas membrane-impermeant MB and MTSEA-B were used to analyze cysteine accessibility. The method described here is a minor modification of that described by Pelis et al. (8) . All solutions were kept ice-cold throughout the procedure, and long incubations on ice were conducted with gentle shaking. Cells plated to confluence in a 12-well plate were initially washed three times with 2 ml of PBS solution containing calcium and magnesium [PBS/CM; containing (in mM) 137 NaCl, 2. were added to the lysates and incubated overnight at 4°C with constant mixing. After extensive washing with the above lysis buffer, 50 l of Laemmli sample buffer was added, and the proteins were eluted from the beads at 100°C for 5 min. Proteins were separated on 8% SDS-PAGE gels, transferred to polyvinylidene difluoride membranes, and immunoreactivity corresponding to the V5 epitope tag of hOAT1 or hOAT3 was detected as previously described (7, 9) . Semiquantitative densitometry analysis of immunoreactivity corresponding to the V5 epitope tag was determined from scanned images using Image calc (C. H. A. van de Lest, Dutch Asthma Foundation) as described (10) . Biotinylation experiments with the mutant constructs of hOAT1 (or hOAT3) were always run in parallel on the same day as wild-type hOAT1. Additionally, protein precipitated from CHO cells expressing the mutant constructs of hOAT1 (or hOAT3) were run on SDS-PAGE gels that always contained biotinylated protein precipitated from wild-type hOAT1-expressing CHO cells.
Statistics. All data are expressed as means Ϯ SE, with calculations of SE based on the number of separate experiments conducted on cells of a different passage number. Comparison of sample means was done using Student's t-test. All statistical analyses were performed with ProStat 3.81c (Poly Software International, Pearl River, NY) and deemed significant when P Ͻ 0.05. 
RESULTS AND DISCUSSION
Initial experiments probing the substrate binding surface of OAT1 and OAT3 took advantage of the fact that DMPS inhibits both transport proteins with similar IC 50 values (6, 16) . The inhibitory effect of DMPS congeners (structures shown in Fig. 1 ) was tested against OAT1 and OAT3 to determine whether the transport proteins were differentially sensitive to minor modifications in the molecular structure of DMPS and whether the differential sensitivity, if present, was conserved across species. For simplicity, the initial discussion of the effect of DMPS and congeners is restricted to the human orthologs of the transport proteins. As expected, DMPS was near equipotent in its ability to inhibit hOAT1 and hOAT3, with IC 50 values of 83 and 40 M, respectively (Table 1 and Fig. 2) . However, loss of a single sulfhydryl group from DMPS (DMPS¡MPS) resulted in a 2.5-fold increase in IC 50 toward hOAT1 (83-204 M), vs. a ϳ55-fold increase in IC 50 toward hOAT3 (40 -2,139 M). Elimination of both thiol groups (DMPS¡PSA) effectively eliminated the inhibitory interaction toward both transporters, and a small increase in hydrophobic bulk of PSA (through the addition of a single methyl group; PSA¡BSA) improved the inhibitory interaction toward hOAT1 (IC 50 value of 514 M), but had no apparent change in the effect against hOAT3. Table 2 (Table 1 and Table 2 ). Compounds with a volume less than DMPS did not interact appreciably with hOAT3 (Tables 1  and 2 ). These data suggest that, for the compounds tested, volume/size is an important determinant for binding to OAT1/ OAT3. Interestingly, it was an increase in the nonpolar surface area that was associated with increased inhibitory interactions toward OAT3, which suggests that stabilization of ligand interaction with the OAT3 binding surface(s) is facilitated by van der Waals interactions to a greater degree than OAT1. These data also suggest that structural differences in the substrate binding regions of hOAT1 and hOAT3 permit fine discrimination between structurally similar compounds.
The effect of DMPS and congeners against OAT1 and OAT3 were well conserved across the species tested (Table 1) . For example, the IC 50 value for MPS as an inhibitor of the different orthologs varied Ͻ25% for OAT1 (151-204 M) and 10% for OAT3 (2.1-2.3 mM). The substrate interaction of PAH with OAT1 and ES with OAT3 was also relatively conserved across species, with K t values ranging from 5.8 to 29.7 M for OAT1 and 3.1 to 9.9 M for OAT3 (Table 3) . These data suggest that the substrate/inhibitor binding regions of OAT1 and OAT3 are generally conserved across human, mouse, and rabbit orthologs, which is important information for drug development programs using mouse and rabbits as preclinical species to predict the influence of OAT1 and OAT3 to renal drug clearance in humans.
The profound differences in apparent binding interactions resulting from modest changes in chemical structure (e.g., DMPS¡MPS) prompted an interest in determining the molecular basis of substrate/inhibitor interaction with the putative binding regions of hOAT1 and hOAT3. As noted earlier, OAT1 and OAT3 are members of the SLC22A family of solute carriers, which also contains the organic cation transporters OCT1 and OCT2. Structural features shared by SLC22A family members, including conservation of a 13-residue sequence found between transmembrane domains 2 and 3, place them into the major facilitator superfamily (MFS). The solution of crystal structures for two MFS transporters, the Escherichia coli lactose permease (LacY) (1) and glycerol-3-phosphate transporter (GlpT) (4), and growing evidence that MFS transporters have a common structural fold (19) , supported the use of homology modeling to develop hypothetical three-dimensional (3D) structures of several MFS transport proteins, including rat OCT1 (2), rbOCT2 (24) , and hOAT1 (11) . Centrally located within these structures is a large hydrophilic cleft that has been suggested to contain the site(s) of substrateprotein interaction (2, 11, 24) . The models have proven useful in identifying amino acid residues that contribute to the "homolog-specific selectivity" that distinguishes transport activity of OCT1 and OCT2 (20) , but, importantly, those studies were The precipitation of hOAT3 by these reagents is shown for comparison. B: densitometry analysis from several different Western blots (n ϭ 2-4) examining relative cysteine accessibility in wild-type hOAT1, the mutant constructs of hOAT1, and hOAT3. Immunoreactivity corresponding to precipitation of the respective transport protein (PPT) with NHS-B was considered an appropriate measure of total hOAT1 (wild-type and mutant constructs) or hOAT3 expressed at the plasma membrane (5, 23) and thus was used to control for differences in surface expression. Immunoreactivity corresponding to precipitation with either MB or MTSEA-B was divided by immunoreactivity corresponding to precipitation with NHS-B to estimate relative cysteine accessibility (ratio of thiol:NHS PPT). The data are presented as a percentage of control (wild-type hOAT1) ratios (MB:NHS-B PPT and MTSEA-B:NHS-B PPT). *Significantly different from wild-type hOAT1, P Ͻ 0.05, Student's t-test.
grounded on independent tests of the validity of these models (7, 9, 18) . Thus, while it is attractive to consider assessing the structural basis of the selectivity differences that distinguish OAT1 and OAT3 (e.g., Table 1 ), we considered it important to begin with an effort to test structural predictions based on the current hOAT1 homology model.
Here, we tested predictions regarding the accessibility of native cysteine residues in hOAT1 relative to their location in the hydrophilic cleft evident in the hOAT1 model, the same approach used to test the model of OCT2 (7, 9) . Of the 13 cysteine residues present in the hOCT2 sequence, only C451 and C474 are readily accessible from the extracellular media, in agreement with the placement of these two residues in the current model of hOCT2 structure (7, 9) . The present study used several different membrane-impermeant thiol-reactive reagents and site-directed mutagenesis to test similar predictions based on the current hOAT1 model.
First determined was the effect on hOAT1-and hOAT3-mediated transport of thiol-reactive reagents that covalently modify accessible cysteine residues (Fig. 3) . In all cases, transport by hOAT1 was more sensitive to the thiol-reactive reagents than hOAT3. The IC 50 value for HgCl 2 inhibition of hOAT1 was ϳ7-fold (P Ͻ 0.05, Student's t-test) lower than that for hOAT3 (89.2 Ϯ 22 vs. 621 Ϯ 111 M; Fig. 3A) , and whereas each of the MTS reagents inhibited hOAT1 transport activity (ϳ30%), they had no effect on hOAT3 (Fig. 3B) . Consistent with the suggestion that native cysteine residues in hOAT1 are more accessible from the extracellular medium than those in hOAT3, MB and MTSEA-B reacted preferentially with hOAT1 in cell surface biotinylation studies (Fig. 4) . Work by You et al. (5, 23) showed that NHS-B, which covalently modifies lysine residues, can be used to approximate total hOAT1 and hOAT3 protein expressed at the plasma membrane. Indeed, lysine residues in hOAT1 and hOAT3 were substantially more accessible to NHS-B than cysteine residues were to the thiol-reactive reagents (Fig. 4) . Thus NHS-B was used to approximate total hOAT1 and hOAT3 protein expressed at the plasma membrane (see Fig. 7B ).
There are 13 and 10 native cysteine residues in hOAT1 and hOAT3, respectively. Figure 5 shows the location of selected cysteine residues in hOAT1, mapped on the current 3D homology model of hOAT1 structure. The present study focused on identifying the cysteine residue(s) in hOAT1 that influence the sensitivity to, or interaction with, thiol-reactive reagents evident in Figs. 3 and 4 . For this initial screening, we focused on 6 of the 13 cysteine residues found in hOAT1, because the other 7 were considered unlikely to be accessible to impermeant thiol-reactive reagents. Four of these seven (C49, C78, C105, C128) are found in the long extracellular loop between transmembrane helices (TMHs) 1 and 2 and are conserved in all known orthologs of OAT1 and OAT3, as well as in OCT1 and OCT2. The homologous residues in the long extracellular loop of OCTs are refractory to interaction with thiol-reactive reagents and have been suggested to form disulfide linkages that play a critical structural role (9, 18) . C332 is another residue unlikely to be exposed to the external medium because it is located in the long cytoplasmic loop between TMHs 6 and 7 that links the N-and C-terminal halves of the protein. The last two of the seven postulated inaccessible cysteines (C178, C408) are within TMHs 3 and 9, helices that do not comprise the hydrophilic cleft, but instead, are suspected of playing a role in anchoring/stabilizing the protein in the lipid bilayer (2, 11, 24) . The six remaining cysteine residues (C189, C206, C221, C341, C433, C440) are found within helices that comprise the hydrophilic cleft and therefore were considered to have the greatest likelihood of being accessible to watersoluble, impermeant thiol-reactive reagents. The comparatively weak interaction of both OATs with thiol-reactive reagents evident in Figs. 3 and 4 suggested that none of the native cysteine residues in either protein is "freely accessible" to the aqueous external medium, which is consistent with Comparison of key residues in TMHs 10 and 11 of hOAT1 (blue) and hOCT2 (grey). The homology models of hOAT1 (11) and hOCT2 (24) as revised (9) were aligned in Pymol (v0.99, DeLano Scientific). Key residues are displayed as ball-and-stick (OAT1 in nonitalic type; OCT2 in italic); see text for discussion.
visual inspection of the hOAT1 model (compared with the placement of cysteine residues in the cleft of OCT2) (7, 9) .
To determine whether OAT1's (modest) thiol reactivity was dominated by one of the native cysteine residues within the aqueous cleft, we made mutant hOAT1 constructs in each of which one of the cleft cysteine residues was replaced with an alanine or serine residue. Although efforts to replace C433 consistently failed, the other five cleft cysteines were successfully replaced. When stably expressed in CHO cells, each of the mutants supported blockable PAH and glutarate transport (Fig. 6) , and in support of the conclusion that each variant had trafficked to the plasma membrane and retained a normal structural fold, the K t of GA were similar to the wild-type transport protein (K t values of 1 M for wild-type hOAT1 vs. 1-3 M for the mutant constructs; data not shown). Figure 7A compares the biotinylation profiles (NHS-B, MB, and MTSEA-B) of hOAT1, hOAT3, and each of the singlecysteine hOAT1 mutants. Whereas elimination of a cysteine at positions 189, 206, 221, or 341 had no effect on the reactivity of hOAT1 protein with either MB or MTSEA-B, replacing C440 with an alanine profoundly reduced the interaction of both thiol-reactive reagents with the protein, down to a level similar to that of hOAT3 (Fig. 7B) . Elimination of what appeared to be the principal source of thiol reactivity in hOAT1 prompted us to reexamine the influence of HgCl 2 on transport activity of the C440A mutant. As shown in Fig. 8 , elimination of C440 from hOAT1 decreased (P Ͻ 0.05, Student's t-test) the HgCl 2 sensitivity of the mutant protein (increase of IC 50 from 106 Ϯ 15.1 to 529 Ϯ 127 M) to a level similar to that of hOAT3. It is interesting to note that the extremely low reactivity of hOAT3 to thiol-reactive reagents occurred despite the presence in hOAT3 of a homolog to hOAT1's C440, i.e., C428. The failure of hOAT3 to interact appreciably with thiol-reactive reagents suggests that the immediate environment around C428 places steric limitations on its accessibility from the aqueous medium, which were not present in hOAT1.
It is instructive to compare the profile of biochemical reactivity of C440 in hOAT1, and C451 and C474 in hOCT2, with their postulated locations in the current working homology models (Fig. 9 ). In agreement with the relatively free accessibility of C451 and C474 of hOCT2 to impermeant thiol-reactive reagents (7, 9) , and the involvement of E448 and D475 (adjacent residues) in substrate binding (3, 24) , these residues protrude into the cleft (7, 9) . However, none of the native cysteine residues in hOAT1 project into the cleft (Figs. 5 and Fig. 9 ), and this observation is consistent with the relatively weak interaction of thiol-reactive reagents with this transport protein. In contrast, F438 and R466, residues known to be important for substrate binding in OAT1 (11, 15) , are both freely exposed. The finding that C440 appears to be only partially or transiently exposed to the aqueous milieu is consistent with a more effective exposure of F438, a half-helical turn away from C440, within the aqueous cleft surface.
In summary, the present study showed that 1) hOAT1 and hOAT3, while displaying very similar selectivity for DMPS, discriminated markedly between structurally similar compounds; 2) compound volume/size appeared to be an important determinant for binding to OAT1 and OAT3; 3) the selectivity of the substrate/inhibitor binding regions of OAT1 and OAT3 was fairly conserved across human, mouse, and rabbit orthologs; 4) subtle differences in the placement of conserved amino acid residues in hOAT1 and hOAT3 influenced their distinct sensitivities to Hg 2ϩ ; and 5) the relatively limited accessibility to the aqueous medium of C440A in hOAT1, and free accessibility of C451 and C474 in hOCT2, was consistent with the current homology models of their 3D structures.
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